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Abstract 



Q_^ , We study the in-medium masses of the charmonium states J/i/^ and r]c in the nuclear medium 



using QCD sum rule approach. These mass modifications arise due to modifications of the scalar 
and the twist-2 gluon condensates in the hot hadronic matter. The scalar gluon condensate, 



cn 



Q ■ i^G^fivG""^^ ) and the twist-2 tensorial gluon operator, (^G'^^G"',^'^) in the nuclear medium are 

P3 , calculated from the medium modification of a scalar dilaton field introduced to incorporate trace 



anomaly of QCD within the chiral SU(3) model used in the present investigation. The effects 
of isospin asymmetry, density and temperature of the nuclear medium on the in-medium masses 



(N 
> 

r~^ i of the lowest charmonium states J/tp and rjc mesons are investigated in the present work. The 



results of the present investigation are compared with the existing results on the masses of these 
states. The medium modifications of the masses of these charmonium states {J/ip and r]c) seem to 
be appreciable at high densities and should modify the experimental observables arising from the 
compressed baryonic matter produced in asymmetric heavy ion collision experiments at the future 



X 

c5 ■ facility of FAIR, GSI. 
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I. INTRODUCTION 

The study of in-medium hadronic properties is of considerable interest, both experimen- 
tally and theoretically in the present day strong interaction physics. The study of the 
in-medium properties of hadrons has direct relevance in the experiments where hadronic 
matter is probed at high densities and/or temperatures. The CBM experiment at FAIR, 
GSI is the one where the dense matter at high densities and moderate temperatures is 
planned to be produced. The medium modifications of the strange and charm mesons and 
their effects on the experimental observables are amongst the topics which are intended to be 
studied extensively in these experiments. Therefore, the topic of study of charm mesons in 
the medium has gotten considerable interest in the recent past. The medium modifications 
of the properties of the charm mesons, D and D as well as the excited charmonium states 
can have important consequences on the production of open charm and the suppression of 



the J /if) in the heavy-ion collision experiments. The suppression of J /if) in t 



le heavy-ion 



collisions may lead to the signature of the quark-gluon-plasma (QGP) jlL |2|. Also it is 
observed that the effect of hadron absorption of J/i}) is not negligible J3|-|5|. In Ref.j6|, it 
was reported that the charmonium suppression observed in Pb + Pb collisions of NA50 
experiment cannot be simply explained by nucleon absorption, but needs some additional 
density dependent suppression mechanism. It was suggested in these studies that the co- 
mover scattering 6|-l8| can explain the additional suppression of charmonium. An important 
difference between J /ip suppression pattern in comovers interaction model and in a decon- 
fining scenario is that, in the former case, the anomalous suppression sets in smoothly from 
peripheral to central collisions rather than in a sudden way when the deconfining threshold 



is reached [7| . The J /ip suppression in nuc 
covariant transport approach HSD in Ref. 



ear collisions at SPS energies has been studied in 
8|. The calculations show that the absorption of 



J/ip^s by both nucleons and produced mesons can explain reasonably not only the total J/i/j 
cross-section but also the transverse energy dependence of J/ip suppression measured in 
both proton-nucleus and nucleus collisions. In Ref. [9], the cross section of J/ijj dissociation 
by gluons is used to calculate the J/ip suppression in an equilibrating parton gas produced 
in high energy nuclear collisions. The large average momentum in the hot gluon gas enables 
gluons to break up the J/ip, while hadron matter at reasonable temperature does not pro- 



vide sufficiently hard gluons. The multigluon exchange can lead to an attractive potential 
between a cc meson and a nucleon, such that, for example, the rjc could form bound states 



even with light nuclei 10, lU | • 



The D (D) mesons are made up of light (u or d) antiquark (quark) and one heavy charm 
quark (charm antiquark). In the QCD sum rule calculations, the mass modifications of D{D) 
mesons in the nuclear medium arise due to interactions of light antiquark (quark) present 

nn 

in the D{D) mesons with the light quark condensate [l^, Il3|. There is appreciable change 
in the light quark condensate in the nuclear medium and hence D{D) meson mass, due to 
its interaction with the light quark condensate, change appreciably in the hadronic matter. 
The medium modifications of the D mesons modify the decay widths of the charmonium 
states, which have been studied in Ref. [l3|. The charmonium states are made up of a 
heavy charm quark and a charm antiquark. Within the QCD sum rule calculations, it is 
suggested that these heavy quarkonium states interact with the nuclear medium through 



the gluon condensates lOj unlike the interaction of the light vector mesons with the nuclear 



medium which is through the light quark condensates [M]- This is because all the h eavy 
quark condensates can be related to the gluon condensates via heavy-quark expansion 15|. 
Also in the nuclear medium there are no valence charm quarks to leading order in density 
and any interaction with the medium is gluonic. The medium modifications of the gluon 
condensates are seen to be small and this leads to the mass modifications of J /ip and rir 



mesons, which are the lowest charmonium states to be small in the nuclear medium 



Q 



10|. 



The leading order perturbative calculations pj| of the study of the charmonium states also 



shows that the mass of J/i}) is reduced slightly in the nuclear medium. In Ref. [l7j, the 
mass modifications of the charmonium states have been studied using QCD second order 
Stark effect and the linear density approximation for the gluon condensate in the nuclear 
medium. This shows a small drop for the J /ip mass at the nuclear matter density, but there 
is seen to be significant shift in the masses of the excited states of charmonium (?/^(3686) 
and '?/'(3770)). Using QCD second order Stark effect, the masses of the charmonium states 
were also studied Ref. 18| in the asymmetric nuclear medium at finite temperatures. These 
medium modifications were investigated by computing the scalar gluon condensate in the 
hot nuclear medium from the medium modification of a scalar dilaton field within a chiral 



SU(3) model which was introduced to incorporate broken scale invariance of QCD. This 
investigation showed small drop of the J /ip mass in the medium, whereas the masses of the 
excited charmonium states are observed to have appreciable drop at high densities. 

In the present investigation, we study the in-medium modifications of the vector meson, 
J /ip and the pseudoscalar meson, 7]^ using QCD sum rules [lO| and an effective chiral SU{?>) 
model [19|. To apply the QCD sum rules for the study of in-medium modifications of J/ip 
and ?7c mesons, we consider the contributions of the scalar gluon condensates, (—(j° ,(7"^'^ 



and twist-2 tensorial gluon operator, \^G't„G"'y'^) upto dimension four 10|. The scalar 
gluon condensate as well as the twist-2 gluon operator in the nuclear medium are calculated 
from the medium modification of a scalar dilaton field, Xi introduced within a chiral SU{'i) 



model [19[ through a scale symmetry breaking term in the Lagrangian density leading to the 



QCD trace anomaly. The chiral S'[/(3) model [19| has been used successfully to study the 
medium modifications of kaons and antikaons in isospin asymmetric nuclear matter in [20 1 
and in hyperonic matter in [21]. The chiral SU{?)) model was generalized to S't/(4) to study 
the mass modifications of D-mesons arising from their interactions with the light hadrons 
in isospin symmetric hot hadronic matter in Ref. 22| and in isospin asymmetric nuclear 
matter at zero temperature 23| and finite temperatures 18| respectively. The in-medium 
properties of the vector mesons have also been studied within the model 2J, |25|]. In the 
present investigation, we study the in-medium masses of the J /ip and rjc mesons, calculated 
from the medium modifications of the dilaton field, Xi i^i the nuclear asymmetric nuclear 
matter at finite temperatures within the chiral SU(3) model. 

The outline of the paper is as follows : In section II, we give a brief introduction of chiral 
S'f/(3) model used to study the in-medium masses of charmonium states J /ip and r/c in the 
present investigation. The medium modifications of these charmonium states, J /ip and rjc 
mesons arise from the medium modification of the scalar gluon condensate in the nuclear 
medium, simulated by a scalar dilaton field introduced in the hadronic model to incorporate 
broken scale invariance of QCD leading to QCD trace anomaly and also due to the medium 
modification of the expectation value of the twist-2 gluon operator. Section III discusses 
briefly the QCD sum rule approach used to calculate the masses of the charmonium states 
J /ip and Tjc- In section IV, we discuss the results of the present investigation. Section V 



summarizes the conclusions of the present work. 



II. THE HADRONIC CHIRAL SU{3) x SU{3) MODEL 



We use an effective chiral SU{3) model for the present investigation 19|. The model is 



)ased on the nonlinear realization of chiral symmetry 26 



and broken scale invariance 



19 



m 



25|. This model has been used successfully to describe nuclear matter, finite nuclei, 
hypernuclei and neutron stars. The effective hadronic chiral Lagrangian density contains 
the following terms 

^ = ^kin + 2^ ^BW + ^vec + -^0 + ^SB (l) 

W=X,Y,V,Au 

In Eq. ([1]), Ckin is kinetic energy term, Cbw is the baryon-meson interaction term in 
which the baryon-spin-0 meson interaction term generates the vacuum baryon masses. C^ec 
describes the dynamical mass generation of the vector mesons via couplings to the scalar 
mesons and contain additionally quartic self-interactions of the vector fields. Cq contains 
the meson-meson interaction terms inducing the spontaneous breaking of chiral symmerty 
as well as a scale invariance breaking logarthimic potential. Csb describes the explicit chiral 
symmetry breaking. 

To study the hadron properties at finite temperature and densities in the present inves- 
tigation, we use the mean field approximation, where all the meson fields are treated as 
classical fields. In this approximation, only the scalar and the vector fields contribute to the 
baryon-meson interaction, Cbw since for all the other mesons, the expectation values are 
zero. The interactions of the scalar mesons and vector mesons with the baryons are given 
as 

^Bscai + jCbvcc = -^'^i [m* + guj-ao^ + 5'pi7oP + 5'0i7O</'] ^i- (2) 

i 

The interaction of the vector mesons, of the scalar fields and the interaction corresponding 
to the explicitly symmetry breaking in the mean field approximation are given as 



C.ec = \ {mlu^ + my + my) \ + g^{uj^ + Quj^ p" + p^ + 20^), (3) 

^0 = -\k,x' {<y' + e + 5') + h {<y' + e + 5' 



,2^2 



+ fc2 (y + y + Sa^6' + C^' 



- hx'^ 



4 Xo 3 ' 



f fc3X (a^ - S') C 



^oCo 






and 



'SB 



X_ 
.Xo, 



m 



lf^a+{V2mlh--^mlU)C 



(4) 



(5) 



The effective mass of the baryon of species i is given as 

iT^i* = -{gaiO- + g^iC + gsiS) (6) 

The baryon-scalar meson interactions, as can be seen from equation ([6]), generate the baryon 
masses through the couphng of baryons to the non-strange a, the strange ( scalar mesons 
and also to scalar-isovector meson 6. In analogy to the baryon-scalar meson couplings, there 
exist two independent baryon-vector meson interaction terms corresponding to the F-type 
(antisymmetric) and D-type (symmetric) couplings. Here antisymmetric coupling is used 
because the universality principle [29| and vector meson dominance model suggest small 
symmetric couplings. Additionally, we choose the parameters 19|, l20|] so as to decouple the 
strange vector field 0^ ~ ^7^5 from the nucleon, corresponding to an ideal mixing between 
CO and (p mesons. A small deviation of the mixing angle from ideal mixing 30l-l32| has not 
been taken into account in the present investigation. 

The concept of broken scale invariance leading to the trace anomaly in (massless) QCD, 



e^H 



:jCD /^a 



G"'riuG^^°', where G" is the gluon field strength tensor of QCD, is simulated in the 



effective Lagrangian at tree level [33| through the introduction of the scale breaking terms 



--scalebreaking 



-l/.n(|).^/H 



Xo 



.det(x)oyvxo/ y ^^^ 

where J3 = det(X), with X as the multiplet for the scalar mesons. These scale breaking 
terms, in the mean field approximation, are given by the last two terms of the Lagrangian 
density, £0 given by equation (jlj) [34]. Within the chiral SU(3) model used in the present 
investigation, the scalar gluon condensate {—G'^^^G^'^"-), as well as the twist-2 gluon oper- 
ator, (— G^^o-G'i^'^"), are simulated by the scalar dilaton field, x- These are obtained from 
the energy momentum tensor 

dC 



T, 



flU 



id,x) 



did'^x) 



- gfiu^ 



X' 



(8) 



derived from the Lagrangian density for the dilaton field, given as 

1 



^x = ^id,x)id^x) - hx 



4 



4 \XoJ 3 V^ ^oCo /Vxo^ 



,x'i„ii +ixMr-.f^)(^) ). (9) 



In massless QCD, the energy momentum tensor can be written as 35|, l36| 



T,, = -ST{G\,,G\") + ^^dG"^- (10) 

4 Zg 

where the first term is the symmetric traceless part and second term is the trace part of the 
energy momentum tensor. Writing 

(^GVG"/) = iu,u, - ^)G2, (11) 

n ^ 4 ^ 

where u^ is the 4- velocity of the nuclear medium, taken as u^ = (1,0,0,0), we obtain the 
energy momentum tensor in QCD as 

T,. = -(-) (u,u^ -^-t)G2 + ^^G\.G— (12) 

cXg 4 4 zg 

Equating the energy-momentum tensors given by equations (E]) and ( 1T2|) and multiplying by 

{u'^u'^ — ^), we obtain the expression for G2 as 

'^^^-v(M(5|^) + 5»^)»x))- (13) 

We might note here that by multiplying the energy momentum tensor of QCD given by 
equation (TT2|) by {u^u'^ — ^), we project out the traceless part given by the first term of the 
energy momentum tensor, described by the function, G2- This is because g^y{u^u'^—^) = 0, 
and hence, there is no contribution from the trace part of the energy momentum tensor in 
QCD, when we multiply the same by (u^u'^ ~ ^)- Similarly, by multiplying the energy 
momentum tensor given by equation (iT2l) by g^"^, the first part gives zero and only the 
second term contributes to the trace of the energy momentum tensor. The effect of the 
logarithmic terms in the chiral SU(3) model, given by equation (|9]), is to break the scale 
invariance. Multiplying equation ([8]) by g'^'^, we obtain the trace of the energy momentum 
tensor within the chiral SU(3) model as 

dC 

Md^x) 



TH = id,x) I 7^777^ 1 - ^^x- (14) 



Using the Euler-Lagrange's equation for the x field, the trace of the energy momentum 
tensor in the chiral SU(3) model can be expressed as 18|, l34 | 



Tll = X 



dx ^ 



-(1 - d)x' 



(15) 



Multiplying equation (fT2|) by g'^'^, we obtain the trace of the energy momentum tensor in 
QCDas 






?CD 



2^ 






(16) 



Using the Euler-Lagrange's equation for x and dropping a total divergence term in equation 
(TT3|) . the expression for G2 can be written as 



Go 



TT 
TT 

4 



+ 3^x'ln 



dC 4 
ox 3 

- (1 - rf + 4fc4)x' ^-^ 

(^'-'5')C\/x\^ 



"'"(^) 



4 



o-qCo J\xo^ I 3 



(5*x)(5iX) 



(17) 



The twist-2 gluon operator has only contribution in the nuclear medium and is zero in 

n 

vacuum |1C|. Hence {G2)vac = 0, which implies that 

4 



~ii-d + Ah)xo-^mxMx)h 







(18) 



Assuming the glueball field, x to be non-relativistic, and hence assuming that 
{{dix){dix)) medium - {{dix){dix))vac and using equation (IH]), the expression for G2 is ob- 
tained from the equation (TTTj) as 

A 



Go 



TT 

4 



;i-rf + 4A:4)(x'-Xo')-x'ln(^) 



+ gC^x'lnl 



>^ - ^^) c 



Xo 



(19) 



The scalar gluon condensate and the twist-2 gluon operator, described in terms of the 
function, G2, given by equations ( TTSl) and (fT9l) are thus related to the x field, which is solved 
from the coupled equations of motion of the scalar fields within the chiral SU(3) model. 
These medium dependent gluon condensates are then related 



The coupled equations of motion for the non-strange scalar field a, the strange scalar 
field (, the scalar-isovector field 6 and the dilaton field x? are derived from the Lagrangian 
density, and are given as 



kox^a - 4ki (a' + C + 6^) a - 2/c2 [a^ + 3a6^) - 2ksX(rC 



d ^f 2a 



3^ Va2-52 






m; 



\fn - E 9a^pl = 



kox\ - 4A;i {cr' + (' + 6') ( - ^hC' - hx (^' - 5^ 



dx^ (A 
3 C Uo 



2 r 



y^^lfk - -Jf^lf^ 



(20) 



(21) 



k^X^b - 4A;i (a^ + (2 + ^2 j ^ _ 3^^ ((5=^ + Sa^^j + A;3X(5C 
5 ^ 



+ ^^' b^ 



E^5iP- =0 



(22) 



KxW + e^^')-hA^'-^'')c. + x 



""Uo; 



+ (4A;4 - d)^ 



- g^x'lnl 



cr- 



52)C 



^oCo 



Xo 






"^^ A^ + ( V2mlfk - —r^\U \ C 



In the above, p/ are the scalar densities for the baryons, given as 

d^k m* ( 1 1 



Pi =li 



+ 



(23) 



(24) 



(27r)3 E*{k) I e(-^'*W-/^«*)/^ + 1 f.{E,''{k)+fi,*)/T j^ij 

where, Ei*{k) = {k"^ + ■mi*'^y^'^, and, pj* = Pi — g^i^ — Qpip — g<f}i4>-, are the single particle 
energy and the effective chemical potential for the baryon of species i, and, 7j=2 is the spin 
degeneracy factor [20|. 

The above coupled equations of motion are solved to obtain the density and temperature 
dependent values of the scalar fields (a, C and 5) and the dilaton field, Xi iii the isospin 
asymmetric hot nuclear medium. As has been already mentioned, the value of the x is related 
to the scalar gluon condensate as well as the twist-2 gluon operator in the hot hadronic 
medium, and is used to compute the in-medium masses of charmonium states, in the present 
investigation. The isospin asymmetry in the medium is introduced through the scalar- 
isovector field 5 and therefore the dilaton field obtained after solving the above equations 



9 



is also dependent on the isospin asymmetry parameter, r] defined as r^ = (p„ — pp)/{2pB), 
where p„ and pp are the number densities of the neutron and the proton and ps is the 
baryon density. In the present investigation, we study the effect of isospin asymmetry of the 
medium on the masses of the charmonium states J/ip and rjc- 

The comparison of the trace of the energy momentum tensor arising from the trace 
anomaly of QCD with that of the present chiral model given by equations flTSj) and (IT6|) . 
gives the relation of the dilaton field to the scalar gluon condensate. We have, in the limit 



of massless quarks [37| , 



TH = {^Gl^G^n = -(1 - d)x' (25) 

In the case of finite quark masses, equation (125|) gets modified to 

TH = E ^^^^^^ + i^G^.G'^n = -(1 - d)x\ (26) 

where the first term of the energy-momentum tensor, within the chiral SU(3) model is the 
negative of the explicit chiral symmetry breaking term, Csb given by equation (|5]). 

The parameter d in equation f l26|) originates from the second logarithmic term of equation 
d?]). To get an insight into the value of the parameter d, we recall that the QCD /3 function 
at one loop level, for N^ colors and Nf fiavors is given by 

In the above equation, the first term in the parentheses arises from the (antiscreening) self- 
interaction of the gluons and the second term, proportional to Nf, arises from the (screening) 
contribution of quark pairs. For massless quarks, the equations ( l25ll and ( 1271) suggest the 
value of d to be 6/33 for three fiavors and three colors, and for the case of three colors 
and two fiavors, the value of d turns out to be 4/33, to be consistent with the one loop 
estimate of QCD (5 function. These values give the order of magnitude about which the 
parameter d can be taken [34|, since one cannot rely on the one-loop estimate for /SqcdIa')- 
In the present investigation of the in-medium properties of the charmonium states due to 
the medium modification of the dilaton field within chiral SU{'i) model, we use the value of 



(i=0.064 23J. This parameter, along with the other parameters corresponding to the scalar 



Lagrangian density, Cq given by dl]), are fitted so as to ensure extrema in the vacuum for 

10 



the 0", ( and x SgW equations, to reproduce the vacuum masses of the rj and rj' mesons, the 
mass of the a meson around 500 MeV, and, pressure, p(po)=0, with po as the nuclear matter 



saturation density 



19 



23|. 



The trace of the energy-momentum tensor in QCD, using the one loop beta function 
given by equation (127|) . for Nc=3 and Nf=3, and accounting for the finite quark masses 37 1 
is given as, 

2 / 






9 a, 



vr 



G%^G''^"' + 






m: 



lUa+{V2mlfk 



1 

V2 



^If.K 



(28) 



Using equations fl25|) and fl28|) . we can write 



TT ' / 9 



;i - d)x' + (£\ Ulf^a + iV2mlh - -^<U)C 



(29) 



We thus see from the equation (129|) that the scalar gluon condensate f^G^^G'^'^^y is related 
to the dilaton field x- Fo^' massless quarks, since the second term in fl29|) arising from 
explicit symmetry breaking is absent, the scalar gluon condensate becomes proportional to 
the fourth power of the dilaton field, Xy ^^ the chiral SU(3) model. As mentioned earlier, the 
in-medium masses of charmonium states are modified due to the scalar gluon condensate 
and the twist-2 gluon operators, which are calculated from the modification of the x field. 



III. QCD SUM RULE APPROACH AND IN-MEDIUM MASSES OF J/t/j AND r/e 



In the present section, we shall use the medium modifications of the gluon condensate, 
calculated from the dilaton field in the chiral effective model, to compute the masses of the 
charmonium states J/ip and rjc in isospin asymmetric hot nuclear matter. Using QCD sum 



rules 



10| the in-medium masses of the lowest charmonium states can be written as 



m^ ~ 



4ml^ 



(30) 



Mm 

where M^ is the nth moment of the meson and C, is the normalization scale. Using operator 
product expansion, the moment M^ can be written as [lO| 



M^iO = AiiO 1 + aiiOc^s + hi{0<P, + ci{0<Pc 



(31) 
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where A:^{^), a;[(^), b^^{^) and c;((^) are the Wilson coefficients. The common factor A;^ 
results from the bare loop diagram. The coefficients a;( take into account perturbative 
radiative corrections, while the coefficients 6;( are associated with the scalar gluon condensate 
term 

As already mentioned, the contribution of the scalar gluon condensate is taken through the 
dilaton field within the chiral SU{3) model used in the present investigation. Using equation 
( l29l) . the above equation can be rewritten in terms of the dilaton field x, as 



327r2 



^l(4m; 



2^2 






imlf^a + {V2mlfk - -J^lf^ 



)C 



(33) 



The coefficients A;;, a„, and 6„ are listed in Ref. 



the value of 



. The coefficients c;( are associated with 
which gives the contribution from twist-2 gluon operator and is given as 

47r2 



3 (4m: 



^)2 



G2, 



(34) 



where G2 is given by equation f lT9|) . We shall calculate the in- medium masses of the charmo- 
nium states J/'?/' and ?7c in the hot asymmetric nuclear matter and shall compare the results 
with the contribution from the twist-2 gluon operator as calculated in the linear density 
approximation. In the low density approximation, the term 0c is given as lOj 

27r2(^^G: 



.^)2 



rriNPB- 



(35) 



3 {Ami 

In the above equation, Ac represents twice the momentum fraction carried by gluons in the 
nucleon and is set equal to 0.9 10|. rriN and pB are the nucleon mass and baryon density 
respectively. The Wilson coefficients, c£ in the vector channel (for J/ip) and the pseudoscalar 
channel (for r/^) can be found in Ref. 10|]. The parameters rric and a^ are the running charm 
quark mass and running coupling constant and are ^ dependent 38|. These are given by 



rrir. 






1 + C 



ln(2 + - 21n2 



(36) 



where, rric 



rndp^ 



-niz. 



1.26 GeV 39 , and 



a. 



{Ql + 4ml) = 0.S (4mc^) / (l + ^a. (^mf) ^^^^;^) (37) 
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with, as (4m2) ~ 0.3 and Ql = Aml^ 



In the next section, we present and discuss the results of our present work of the investi- 
gation of the in-medium masses of J/\l/ and rjc in isospin asymmetric hot nuclear matter. 

IV. RESULTS AND DISCUSSIONS 

In this section, we first investigate the effects of density, isospin-asymmetry and temper- 
ature of the nuclear medium on the dilaton field x i^i the chiral SU(3) model, from which 
we obtain the expectation value of the scalar gluon condensate in the medium. Using the 
QCD sum rule approach, the in-medium masses of charmonium states J /ip and rj^ are cal- 
culated from the medium dependence of the gluon condensates. The medium dependent 
dilaton field, x is obtained by solving the equations of motion of the scalar fields, a, C, ^ 
and X given by equations ( l20l) to ( l23l) . The values of the parameters used in the present 
investigation, are : fco = 2.54, ki = 1.35, k2 = -4.78, k^ = -2.77, k4 = -0.22 and d = 0.064, 
which are the parameters occurring in the scalar meson interactions defined in equation @. 
The vacuum values of the scalar isoscalar fields, a and ( and the dilaton field x ^^re —93.3 
MeV, -106.6 MeV and 409.77 MeV respectively. The values, g^N = 10.6 and g^N = -0.47 
are determined by fitting to the vacuum baryon masses. The other parameters fitted to the 
asymmetric nuclear matter saturation properties in the mean-field approximation are: g^jN 
= 13.3, gpp = 5.5, c/4 = 79.7, gsp = 2.5, m^ = 1024.5 MeV, m„ = 466.5 MeV and mg = 899.5 
MeV. The nuclear matter saturation density used in the present investigation is 0.15 fm~^. 

In figure [H we show the variation of dilaton field x, with temperature, for both zero and 
finite baryon densities, and for selected values of the isospin asymmetry parameter, rj = 0, 
0.1, 0.3 and 0.5 [18j. At zero baryon density, it is observed that the value of the dilaton field 
remains almost a constant upto a temperature of about 130 MeV above which it is seen to 
drop with increase in temperature. However, the drop in the dilaton field is seen to be very 
small upto a temperature of around 175 MeV above which the drop is seen to be larger. 
The value of the dilaton field is seen to change from 409.8 MeV at T=0 to about 409.7 
MeV, 409.3 MeV and 405.76 MeV at T=150 MeV, 175 MeV and 200 MeV respectively. The 
thermal distribution functions have an effect of increasing the scalar densities at zero baryon 
density, i.e., for fi*=0, as can be seen from the expression of the scalar densities, given by 
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FIG. 1: (Color online) The dilaton field x plotted as a function of the temperature, at given baryon 
densities, for different values of the isospin asymmetry parameter, 77. 
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flMj) . This effect seems to be negligible upto a temperature of about 130 MeV. This leads to 
a decrease in the magnitudes of scalar fields, a and C,. This behaviour of the scalar fields is 
reflected in the value of x, which is solved from the coupled equations of motion of the scalar 
fields, given by equations (l20l) . (12T]) . ( I22l) and (l23ll . as a drop as we increase the temperature 
above a temperature of about 130 MeV. The scalar densities attaining nonzero values at high 
temperatures, even at zero baryon density, indicates the presence of baryon-antibaryon pairs 



in the thermal bath and has already been observed in the literature [25|, |40| . This leads to 
the baryon masses to be different from their vacuum masses above this temperature, arising 
from modifications of the scalar fields a and C,. 

For finite density situations, the behaviour of the x fi^ld with temperature is seen to be 
very different from the zero density case, as can be seen from the subplots (b),(c) and (d) 
of figure [H where the x field is plotted as a function of the temperature for densities po) 
2po and 4po respectively. At finite densities, one observes first a rise and then a decrease 
of the dilaton field with temperature. This is related to the fact that at finite densities, 
the magnitude of the a field (as well as of the C, field) first show an increase and then 
a drop with further increase of the temperature [iSl] which is reflected in the behaviour 
of X field, since it is solved from the coupled equations of the scalar fields. The reason 
for the different behaviour of the scalar fields (a and Q at zero and finite densities can 



be understood in the following manner 25|]. As has already been mentioned, the thermal 
distribution functions in ( 12^ have an effect of increasing the scalar densities at zero baryon 
density, i.e., for fi*=0. However, at finite densities, i.e., for nonzero values of the effective 
chemical potential, p,*, for increasing temperature, there are contributions also from higher 
momenta, thereby, increasing the denominator of the integrand on the right hand side of the 
equation (12^ . This leads to a decrease in the scalar density. The competing effects of the 
thermal distribution functions and the contributions of the higher momenta states give rise 
to the observed effect of the scalar density and hence of the a and ( fields with temperature 



at finite baryon densities 25|]. This kind of behaviour of the scalar a field on temperature 
at finite densities has also been observed in the Walecka model by Li and Ko [41], which 
was reflected as an increase in the mass of the nucleon with temperature at finite densities 
in the mean field calculations. The effects of the behaviour of the scalar fields on the value 
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of the X field, obtained from solving the coupled equations fl20|) to fl23|) for the scalar fields, 
are shown in figure [H 

In figure [H it is observed that for a given value of isospin asymmetry parameter r^, the 
dilaton field x decreases with increase in the density of the nuclear medium. The drop 
in the value of x with density is seen to be much larger as compared to its modification 
with temperature at a given density. For isospin symmetric nuclear medium {rj = 0) at 
temperature T = 0, the reduction in the dilaton field x from its vacuum value (xo = 409.8 
MeV), is seen to be about 3 MeV at ps = Po and about 13 MeV, for pB = 4po- As we move 
from isospin symmetric medium, with rj = 0, to isospin asymmetric medium, at temperature 
T = 0, and, for a given value of density, there is seen to be an increase in the value of the 
dilaton field x- However, the effect of isospin asymmetry of the medium on the value of the 
dilaton field is observed to be negligible upto about a density of nuclear matter saturation 
density, and is appreciable only at higher values of densities as can be seen in figure [H At 
nuclear matter saturation density, po, the value of dilaton field x changes from 406.4 MeV in 
symmetric nuclear medium (77 = 0) to 406.5 MeV in the isospin asymmetric nuclear medium 
{1] = 0.5). At a density of about 4po, the values of the dilaton field are modified to 396.7 
MeV and 398 MeV at r^ = and 0.5, respectively. Thus the increase in the dilaton field x 
with isospin asymmetry of the medium is seen to be more at zero temperature as we move 
to higher densities. 

At a finite density, ps, and for given isospin asymmetry parameter 77, the dilaton field x 
is seen to first increase with temperature and above a particular value of the temperature, 
it is seen to decrease with further increase in temperature. At the nuclear matter saturation 
density pb = Po and in isospin symmetric nuclear medium [r] = 0) the value of the dilaton 
field X increases upto a temperature of about T = 145 MeV, above which there is a drop in 
the dilaton field. For Pb=Po in the asymmetric nuclear matter with 77 = 0.5, there is seen 
to be a rise in the value of x upto a temperature of about 120 MeV, above which it starts 
decreasing. As has already been mentioned, at zero temperature and for a given value of 
density, the dilaton field x is found to increase with increase in the isospin asymmetry of the 
nuclear medium. But from figure [1], it is observed that at high temperatures and for a given 
density, the value of the dilaton field x becomes higher in symmetric nuclear medium as 
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J/ib 


Vc 


PB 


1] = 


r] = 0.5 


r] = 


r] = 0.5 


Po 


-4.48 


-4.34 


-5.21 


-5.06 


2po 


-10 


-9.29 


-9.14 


-8.64 


4po 


-16.77 


-15.19 


-13.12 


-12.19 



TABLE I: The mass shifts of J/ip and rjc are shown at densities of po, 2po and 4/9o at values of the 
isospin asymmetric parameter, rj=0 and 0.5 for ^=0.874. This value of ^ reproduces the vacuum 
mass of J/ip as 3097 MeV. 



compared to isospin asymmetric nuclear medium e.g. at nuclear saturation density ps = Po 
and temperature T = 150 MeV the values of dilaton field x are 407.3 MeV and 407 MeV at 
1] = and 0.5 respectively. At density pb = 4po, T = 150 MeV the values of dilaton field 
X are seen to be 399.1 MeV and 398.7 MeV for rj = and 0.5 respectively. This observed 
behaviour of the x is related to the fact that at finite densities and for isospin asymmetric 
matter, there are contributions from the scalar isovector 6 field, whose magnitude is seen to 
decrease for higher temperatures for given densities, whereas 6 field has zero contribution 
for isospin symmetric matter. 

In figure |2l we show the variation of the trace and non-trace parts of the energy momentum 
tensor given by equation (!T2|) . with temperature, for different values of the baryon density 
and isospin asymmetry parameter, i]. The trace part. Go = (^G*" G^'^'^V is given by 
equation fl29p and G2, which is related to the nontrace part of the energy momentum tensor 
is given by the equation flT^ . both obtained from the SU(3) model used in the present 
investigation. The value of the trace part. Go is plotted as a function with temperature, 
for a densities, p_b=0, po and 4po in the subplots (a), (c) and (e) in figure [2l plotted in 
figure (|2]). For zero density, there is seen to be an increase of Go with temperature upto a 
temperature of about 175 MeV, and then a drop with further increase in the temperature. 
The values of Go are obtained as 1.9361 x lO'^ GeV^ 1.9362 x 10"^ GeV^ 1.9381 x 10^^ 
GeV^ and 1.88 xlO"^ GeV^ at values of the temperature, T= 0, 100, 150 and 200 MeV 
respectively. We might note here that the calculations of the scalar gluon condensate, Gq, 
given by equation fl29l) . have been performed by accounting for the finite quark masses in the 
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trace anomaly. In the absence of finite quark masses, the scalar gluon condensate becomes 
proportional to the fourth power of the dilaton field, as can be seen from equation ( |29l) . The 
dilaton field is seen to decrease with temperature at zero baryon density, as can be seen from 
figure [H The values of Go, for the limit of zero quark masses, also decrease accordingly with 
temperature for Pb=0, with the values of Gq given as 2.3455 x 10"^ GeV^, 2.34547 x 10~^ 
GeV^ 2.3437 x lO^^ GeV^ and 2.323 xlO^^ GeV^ at values of temperature, T as 0, 100, 
150 and 200 MeV respectively. A similar behaviour of Go with temperature at zero baryon 



density has also been observed earlier in Ref. 36|]. In the present investigation, the finite 
quark mass term leads to a decrease in the value of Go, as can be seen from equation (l29ll . 
At finite densities, the dilaton field x is seen to increase upto a temperature above which 
it starts decreasing, as can be seen from figure [H Accounting for the finite quark masses, 
we get a positive contribution to Go from the temperature effects from the second term in 
equation ( l29|) . leading to an increase in the scalar condensate upto a temperature above 
which there is seen to be a decrease with further rise in temperature. For baryon densities 
of pb = Po and Apo, the values upto which Go increases with temperature are about 145 
MeV and 175 MeV respectively. In isospin symmetric nuclear matter, for pB = po, the 
values of Go are observed to be 1.90646 xlO'^ GeV^ 1.91755 xlO^^ GeV^ 1.92 xlO"^ 
GeV^ and 1.8554 xlO'^ GeV^ for temperatures of 0,100, 150 and 200 MeV respectively. For 
the same values of the temperature, in the absence of finite quark masses, the values of Gq 
are observed to be 2.269 xlO^^ GeV^ 2.2857 xlO^^ GeV^ 2.29 xlO^^ GeV^ and 2.2 xlO^^ 
GeV^ for pB = po and ri=0. In isospin symmetric nuclear matter for pB = 4po, the values of 
Go are given as 1.7367 xlO'^ Q^yi ^2.06 xlO'^ GeV^), 1.7656 xlO-^ GeV^ (2.094 xlO'^ 
GeV^), 1.78 xlO-2 GeV^ (2.112 xlO-^ GeV^) and 1.7626 xlO-^ GeV^ (2.09 xlO"^ q^v^) 
for values of temperature, T = 0, 100, 150 and 200 MeV respectively, for the cases of the 
finite (zero) quark masses in the trace anomaly. 

The non-trace part of the energy momentum tensor, G2, is plotted as a function of 
temperature in subplots (b), (d) and (f) of figure [2] for densities, Pb=0, po and 4po- It may 
be noted that value of G2 is zero in vacuum and this has a nonzero contribution only for finite 
density and/or temperature. The magnitude of the quantity, G2 is observed to increase with 
increase in the temperature of the nuclear medium for zero density, with the values of G2 at 
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P5 = 0, given as -7.106 x IQ-^^ GeV^ -2.386 x 10"^ GeV^ and -1.106 x IQ-^ GeV^ and 
-3.528 X 10"^ GeV^ at values of temperature, T as 50, 100, 150 and 200 MeV respectively. 
The observed behaviour of the magnitude of G2 increasing as a function of temperature 



at zero baryon density has also been observed in Ref. 36|. At nuclear saturation density, 
Pb = Po there is seen to be a decrease in the magnitude of G2 with temperature and then 
an increase with further rise in temperature. In isospin symmetric medium, for ps = Po, 
the values of G2 are given as -1.181 x 10"^ GeV^ -1.130 x lO"'^ GeV^ -1.069 x 10"^ 
GeV^ -1.034 X 10"^ GeV^ and -1.4527 x 10"^ GeV^ at values of temperature, T = 0, 50, 
100, 150 and 200 MeV respectively. For density 4po and ?7=0, the values of G2 are given 
as -1.63 X 10-^ GeV^ -1.626 x 10"^ GeV^ -1.613 x 10"^ GeV^ -1.5992 x lO"'* GeV^ 
and -1.6156 x 10"^ GeV^ for T = 0, 50, 100, 150 and 200 MeV respectively. In isospin 
asymmetric medium, rj = 0.5, at pb = 4po, the values of G2 are —1.602 x 10"^ GeV^, 
-1.598 X 10-^ GeV^ -1.591 x 10~^ GeV^ -1.5991 x 10"^ GeV^ and -1.6265 x 10"^ GeV^ 
at temperature, T = 0, 50, 100, 150 and 200 MeV respectively. In the present investigation, 
the effects of isospin asymmetry and temperature of the nuclear medium on the values of Go 
and G2 are observed to be small and the effect of density seems to be the dominant effect. 
This is related to the fact that the dilaton field and the scalar fields, a, ( and 6 in the hot 
isospin asymmetric nuclear medium are strongly dependent on the density of the medium 
and the effects of temperature and isospin asymmetry on these scalar fields are much smaller 
as compared to the density effects. 

After obtaining the medium modification of the scalar gluon condensate from the value of 
the dilaton field using equation (129|) . and of the twist-2 gluon operator, by using equations 
flTTj) and flT9l) . we next determine the in- medium mass shift of J ftp and rj^ mesons using 
QCD sum rule approach. We use the moments in the range 5 < n < 12 and fix the value of 
parameter ^ = 0.874, so that we can reproduce the vacuum value of mass of J/ip, nij/^ = 
3097 MeV. For this value of ^, the parameters a.^ and the running quark mass rric turn out to 
be 0.2667 and 1.232 x 10^ MeV respectively. We consider the contributions from scalar gluon 
condensate l^G'^^G°''^j and the twist-2 tensorial gluon operator (^G'^^^G"'yj through the 
dilaton field x within the chiral S't/(3) model used in the present investigation. We obtain 
the value of 06 which is related to the scalar gluon condenstate by equation fl32l) . from the 
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medium dependent x fi^ld using the equation (1331) . The value for 0c arising from the twist-2 
tensorial gluon operator is calculated within the chiral SU(3) model by using equation (!34ll . 
We also compare our results with the twist-2 gluon operator as calculated from the formula 



obtained in the low density approximation as given by equation ( l35ll 10| . The value of 0c 
at nuclear saturation density, po = 0.15 fm~'^ is calculated to be —4.2158 x 10^^ within the 
SU(3) chiral model used in the present investigation, which may be compared to the value 
of —1.4685 X 10~^ in the linear density approximation [lOj. In table HI we summarize the 
results for the mass shifts of J /ip and 7]^., as obtained in the present investigation, at zero 
temperature, for values of the baryon densities as po, 2po and 4po, and for isospin asymmetry 
parameter as r^ = and 0.5, for the value of ^=0.874. As has already been mentioned this 
value of ^ is fixed so as to obtain the observed vaccum mass of J /ip as 3097 MeV. 

In figure |3l we show the variation of masses of J /ip and rjc mesons with, n, for fixed value 
of baryon density, ps = Po, and for different values of isospin asymmetry parameter, t]. We 
show the results for values of temperature, T = 0, 100 and 150 MeV. In symmetric nuclear 
matter, at nuclear matter saturation density, ps = Po, and at temperature T = 0, we obtain 
the mass shifts for J/tp and rjc mesons to be equal to —4.48 MeV and —5.21 MeV respectively, 
as can be seen from table HI These values of mass shifts for for J/ip and rjc mesons may be 
compared with the mass shifts of —7 MeV and —5 MeV respectively obtained in the linear 
density approximation in Ref.[lO|. In the present investigation, we calculate the values of (pb 
and (pc from the medium modification of the dilaton field, Xy within the chiral SU{3) model, 
by using equations (1331) and ( IMll . In isospin symmetric nuclear medium, at baryon densities. 



Pb = and po, the values of the dilaton field, x are 409.76 and 406.38 MeV respectively 
and hence using the equation fl29|) . the values of the scalar gluon condensate ( ^G^j.G"^'^ 
turn out to be (373 MeV)"^ and (371.6 MeV)"^ for densities Pb = and po respectively. We 
might note here that when we negelct the quark masses in the trace anomaly, the values of 
the scalar gluon condensate at these densities are modified to (391 MeV)^ and (388 MeV)'^ 
respectively. We thus observe an increase of the values of the scalar gluon condensate by 
about 20% when we do not account for the finite masses of the quarks. The values of (pf,, 
accounting for the finite quark masses, turn out to be 2.3 x 10"^ and 2.27 x 10^'^ in the 
vacuum and at nuclear matter saturation density, po, respectively. These may be compared 
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FIG. 2: (Color online) The functions Go and G2 describing the trace and non-trace parts of the 
energy momentum tensor are plotted as functions of the density at different temperatures and for 
different values of the isospin asymmetry parameter, 77. 
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FIG. 3: (Color online) The in-medium masses of the J/'0 and r^c mesons plotted as functions of n, 
for nuclear matter saturation density, po at different temperatures and for different values of the 
isospin asymmetry parameter, r]. The value of parameter ^ is taken as 0.874 which reproduces the 
vacuum mass of J/V' as 3097 MeV. 
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FIG. 4: (Color online) The in-medium masses of the J/V' and r\c mesons plotted as functions of 
n, for baryon density, pB = "^Po at different temperatures and for different values of the isospin 
asymmetry parameter, r]. The value of parameter ^ is taken as 0.874 which reproduces the vacuum 
mass of J/ip as 3097 MeV. 
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with the values of (f)h to be equal to 1.7 x 10^^ and 1.6 x 10^^ respectively for pb = 
and for pB = po, obtained from the values of scalar gluon condensate of (350 MeV)^ and 
(344.81 MeV)^ respectively in vacuum and at nuclear saturation density, po in Ref. [10|] 
in the linear density approximation. We might note here that the value of nuclear matter 
saturation density used in the present calculations is 0.15 fm~^ and in Ref. [lO|, it was 
taken to be 0.17 fm~^. When the quark masses are neglected, and (pc as calculated in the 
chiral SU(3) model used in the present investigation, the values of the mass shift for J/ijj 
and rjc turn out to be -8.01 MeV and -5.13 MeV respectively. When we calculate (pb within 
the chiral SU(3) model, but calculate the contribution of the twist-2 operator through (pc 
calculated in the linear density approximation given by equation ( l35l) |L10|], we obtain the 
mass shifts for J/tp and 7]^ at pb = Po for symmetric nuclear matter at zero temperature 
to be given as -2.88 MeV and -2.02 MeV respectively. The value of the mass shift of J/ip 
of about -4.48 MeV at the nuclear matter density po in symmetric nuclear matter at zero 
temperature obtained in the present investigation, may be compared to the values of the 
mass shift of -8 MeV obtained using QCD second order Stark effect using the value of the 
scalar gluon condensate obtained using a linear density approximation [l7| as well as a value 
of -8.6 MeV, when the scalar gluon condensate was obtained from the expectation value of 



the scalar dilaton field in a chiral SU(3) model 18|. We observe in figure |3] that the isospin 
dependence of the mass shifts of J/tp and rjc are very small. This is due to the fact that the 
dependence of x on the isospin asymmetry is very small, as can be seen from figure [H 

Figures H] and |5] show the mass shifts of J/ip and rjc for baryon densities pb = 2po and 
4po respectively, at different temperatures and different values of the isospin asymmetry 
parameter, t]. In isospin symmetric nuclear medium, at density pb = 2po, temperature 
T = 0, the mass shifts for J/ip and t]c mesons are observed to be —10 MeV and —9.14 MeV 
respectively. The effects of isospin asymmetry of the medium on the mass shift of the J/ip 
and rjc mesons are seen to be almost negligible, as can be seen from table HI This is due to the 
very small changes in the dilaton field with the isospin asymmetry of the medium, as can be 
seen from figured] In isospin asymmetric nuclear medium [rj = 0.5), at nuclear saturation 
density po, the mass shifts in J/ip and rjc mesons at zero temperature are observed to be 
—4.34 MeV and —5.06 MeV from their vacuum values, which may be compared with the 
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values of —4.48 MeV and —5.21 MeV respectively for the isospin symmetric nuclear matter. 
At values of the baryon density pB as 2po and 4po, as can be seen from table HI the isospin 
dependence of the mass shifts for J /ip and rjc mesons are seen to be negligibly small. 

The effects of temperature on the dilaton field x is very small and this is reflected in 
the small change in the mass shifts of J /ip and rj^ mesons with temperature T. In isospin 
symmetric nuclear medium (r/ = 0), at nuclear saturation density pb = Po, the mass shifts 
for J/ip mesons, from their vacuum values, are observed to be —4.01, —3.5 and —3.23 MeV 
at temperatures T = 50, 100 and 150 MeV respectively. At baryon density, pb = 4po, 
the values of mass shift for J/tp meson changes to —16.13, —14.82 and —13.76 MeV at 
temperatures T = 50, 100 and 150 MeV respectively. The value of the mass shift obtained 
at finite value of temperature is observed to be smaller as compared to the zero temperature 
case. This is because, at finite value of baryon density pb, the dilaton field x increases with 
increase in the temperature of the nuclear medium, but the increase is very small. In isospin 
asymmetric nuclear medium, rj = 0.5, at density pb = 4po, the mass shifts for J/ip mesons, 
from their vacuum values are —14.82, —14.16 and —14.36 MeV at temperatures T = 50, 100 
and 150 MeV respectively. 

For the pseudoscalar meson rjc, the mass shifts at nuclear saturation density Pq, in nu- 
clear medium with r]=0 (0.5), are -4.81(-4.73), -4.352(-4.345) and -4.1(-4.54) MeV at 
temperatures T = 50, 100 and 150 MeV respectively. At density ps = 4po, with ri=0 (0.5), 
these values are modified to -12.77(-11.98), -12.02(-11.6) and -11.41(-11.73) MeV re- 
spectively for T=50, 100 and 150 MeV. It may be noted that at high values of temperatures 
e.g. at T = 150 MeV, the mass shift is more in the isospin asymmetric nuclear medium 
[r] = 0.5) as compared to isospin symmetric nuclear medium [r] = 0). This is opposite to 
the zero temperature case. The reason is that at high temperatures the dilaton field x has 
larger drop in the isospin asymmetric nuclear medium [i] = 0.5) as compared to the isospin 
symmetric nuclear medium (r/ = 0), as can be seen in figure [H 

As mentioned earlier, for the above calculations we had fixed the value of parameter ^ so 
as to reproduce the vacuum value of J/ip mass. However, with this value of ^, the vacuum 
value of ?7c meson comes out to be 2955.6 MeV. We can reproduce the vacuum value of 
pseudoscalar meson rjc = 2980.5 MeV, if we fix the value of .^ = 0.8995. For this value 
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FIG. 5: (Color online) The in- medium masses of the J/V' and r\c mesons plotted as functions of 
n, for baryon density, pB = ^Po at different temperatures and for different values of the isospin 
asymmetry parameter, rj. The value of parameter ^ is taken as 0.874 which reproduces the vacuum 
mass of J/V' as 3097 MeV. 
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J/^ 


Vc 


PB 


1] = 


r] = 0.5 


r] = 


r] = 0.5 


Po 


-4.27 


-4.14 


-5.69 


-5.54 


2po 


-9.55 


-8.87 


-9.39 


-8.92 


4po 


-16.02 


-14.51 


-13.12 


-12.25 



TABLE II: The mass shifts of J/i/; and rjc are shown at densities of po, 2po and 4po at values of the 
isospin asymmetric parameter, ry=0 and 0.5 for ^=0.8995. This value of ^ reproduces the vacuum 
mass of r]c as 2980.5 MeV. 





J/^ 


Vc 


PB 


?? = 


T] = 0.5 


r? = 


r? = 0.5 


PO 


-4.43 


-4.28 


-3.8 


-3.66 


2/90 


-10.43 


-9.66 


-7.67 


-7.18 


4po 


-17.93 


-16.19 


-11.85 


-10.87 



TABLE III: The mass shifts of J/ip and r]c are shown at densities of po, 2pQ and ipo at values of 
the isospin asymmetric parameter, r/=0 and 0.5 for .^=1. 

of ^, the parameters Og and the running charm quark mass rric turn out to be 0.266 and 
1.2313 X 10'^ MeV respectively. For these values of parameters, the mass shifts for J/tp and 
rjc mesons, in nuclear medium at zero temperature, at densities po, 2po and 4po for ri=0 (0.5) 
are summarized in table [TTl 

We also show the results for the mass modifications of J/tp and rjc mesons, if we consider 
the value of parameters, ^ = 1 [lC|, leading to the values of as and rric as 0.21 and 1.24 x 
10^ MeV respectively. Figures |6l [7] and [8] show the temparature and isospin asymmetry 
dependence of the mass modifications of J/ip mesons and t]c mesons, for baryon densities of 
Po, 2po and 4po respectively, with parameter ^ = 1. We observe that with ^=1, the vacuum 
values of the masses of J/tp and rjc mesons are given as 3196.56 and 3066.57 MeV respectively. 
With ^=1, the results for the mass shifts for J/ip and rjc at different densities with t]=0 and 
0.5, and zero temperature, obtained in the present investigation are summarized in table 
mil The values of the mass shifts for J/ip meson in isospin symmetric medium, with ^ = 1, 
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at nuclear saturation denstiy pb = Po are observed to be —3.92, —3.38 and —3.1 MeV for 
T = 50, 100 and 150 MeV respectively. At baryon density pB = 4po, these values of the 
mass shift change to —17.23, —15.77 and —14.59 MeV at temperature T = 50, 100 and 150 
MeV respectively. For pseudoscalar meson rjc, the mass shifts at pB = po are obtained to 
be -3.42, -3.06 and -2.91 MeV for T = 50, 100 and 150 MeV respectively, whereas at 
Pb = 4po these values of mass shift are seen to be modified to —11.47, —10.68 and —10.04 
MeV respectively. 



In Ref. [15| the operator product expansion was carried out upto dimension six and mass 
shift for J/ip was found to be —4 MeV at nuclear saturation density po and temperature 
T = 0. The effect of temperature on the J/ip in deconfinement phase was studied in Ref. 
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43|. In these investigations, it was reported that J/ip mass is essentially constant in a 



wide range of temperatures and above a particular value of the temperature, T, there is a 



sharp change in the mass of J/ip in the deconfined phase e.g. in Ref. 4^ the mass shift 



for J/ip was reported to be about 200 MeV at T = 1.05 Tc- The pseudoscalar charmonium 



spectral function for different temperatures was studied using a screened potential in J45|. 
The effect of rising temperature was observed to melt the higher excited states by l.lTc 
and to shift the continuum threshold to lower energies. In these studies, it was observed 



that the charmonium 7]c survives even in the deconfined phase. In Re f. | 45l . |46| . the effect 
of temperature on rjc in the deconfinement phase was studied. In Ref. J46|, it was reported 
that the J/ip and rjc survive as distinct resonances in the plasma even upto T ~ 1.6Tc and 
that they eventually dissociate between 1.6Tc and 1.9Tc. This suggests that the deconfined 
plasma is non-perturbative enough to hold heavy-quark bound states. In the present work, 
we have studied the effects of temperature on the mass modifications of J ftp and rj^ mesons in 
the confined phase due to modifications of the scalar gluon condensate and twist-2 tnesorial 
gluon operator, simulated by a medium dependent scalar dilaton field in chiral SU(3) model 
and the temperature effects are found to be very small as compared to the density effects. 

V. SUMMARY 

In summary, in the present investigation, we have studied the mass modifications of the 
charmonium states, J/ip and rjc in the nuclear medium using QCD sum rule approach and 
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FIG. 6: (Color online) The in-medium masses of the J/'0 and r^c mesons plotted as functions of n, 
for nuclear matter saturation density, po at different temperatures and for different values of the 
isospin asymmetry parameter, ry, with .^=1. 
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FIG. 7: (Color online) The in-medium masses of the J/V' and r^c mesons plotted as functions 
of n, for baryon density of 2yO0) at different temperatures and for different values of the isospin 
asymmetry parameter, 77, with ^=1. 
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using modification of a dilaton field (which simulates the gluon condensates) within a chiral 
SU{3) model. The in-medium modifications of the J/tp and rjc are studied as arising due to 
changes in the scalar and twist-2 gluon condensates in the nuclear medium, obtained from 
the medium modificaion of the x field. The value of the dilaton field in the hot nuclear 
matter is obtained by solving the coupled equations (20) to (23), which are the equations of 
motion of a, (, 6 and x fields. The dilaton field, x? thus depends on the scalar isovector field, 
6, which is related to the isospin asymmetry of the nuclear medium. The isospin asymmetry 
dependence of the x, in turn, leads to the isospin asymmetry dependence of the charmonium 
states, J/ip and rjc. The modification of the x field is observed to be small with the isospin 
asymmetry of the medium, as can be seen from figure [H This is related to the fact that the 
magnitude of the obtained value of 6 after solving the coupled equations for the scalar fields 
turns out to be much smaller (about few percent) as compared to the magnitudes of a and 
( and hence the isospin asymmetry (through 6) only gives rise to a very small modification 



of the dilaton field x IS] ■ It is observed that the temperature effect on the x field is also 
very small and the modification of the dilaton field with density is seen to be the dominant 
medium effect in the present investigation. The negligible dependence of the dilaton field on 
isospin asymmetry as well as on temperature is reflected in the small isospin/temperature 
dependence of the masses of the J/ip and rj^ states in the nuclear medium. Experimentally, 
measurements of dileptons (diphotons) in heavy-ion collisions may provide a clue to the 
properties of vector (pseudo-scalar) mesons in hot/dense matter [46|. The present study of 
the in-medium properties of J/tp and rjc mesons will be helpful for the experiments in the 
future facility of the FAIR, GSI, where the compressed baryonic matter at high densities 
and moderate temperature will be produced. 
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